ABSTRACT. We analyze the shape and position of heteroepitaxial InAs islands on the top face of cylindrical GaAs(111)A nanopillars experimentally and theoretically. Catalyst-free molecular beam epitaxial growth of InAs at low temperatures on GaAs nanopillars results in InAs islands with diameters < 30 nm exhibiting predominantly rounded triangular in-plane shapes. The islands show a tendency to grow at positions displaced from the center towards the pillar edge.
INTRODUCTION
The size, shape and position of semiconductor nanostructures have proven to be essential for their application in optoelectronics. Regarding heteroepitaxially grown quantum dots (QDs), position control has been achieved by means of pits prepatterned on the substrate surface. 1 Alternatively, the top face of nanopillars or wires either etched into or grown onto the substrate can be exploited as growth area for single QDs or disk-like nanolayers. 2 Particular attention has been paid to QD-in-wire heterostructures, which are promising for realizing tunneling devices, 3 light emitting devices 4 and single-photon sources. 5 It has been shown theoretically that in catalyst-free epitaxy the diameter of the QD or island grown on top of a nanowire can be equal or smaller than that of the nanowire substrate. 6 This results from the trade-off between misfit induced strain energy and surface energy, which elicits an energy minimum for a specific heterolayer or island diameter, dependent on lattice misfit, nanowire diameter, surface energies and layer thickness. Experimental evidence for such reduced diameter islands is reported in the case of ternary In1-xGaxN axially grown on top of GaN nanowires, 7 where the In1-xGaxN adopts the shape of a column surrounded by a GaN shell. The In1-xGaxN morphology is also influenced by the growth conditions, notably the In/Ga flux ratio, because it determines the formation or non-formation of an In wetting layer and thus the surface energy. 8 If several In1-xGaxN quantum disks are stacked along the growth direction in GaN nanowires, the disk diameter is seen to 3 increase with increasing disk number in the stack, which is attributed to a vertical, shapedependent strain interaction between the disks. 9 Apart from the formation of smaller diameter islands on top of nanowires, it is well known that QDs of larger lattice parameter than the substrate nucleate preferably at convex edges of the substrate. 10 At these sites, the wetting layer is less compressively strained due to the increased elastic lattice relaxation, which reduces the chemical potential of the surface. 11 To the best of our knowledge, it has not yet been studied how this effect modifies the strain energy -surface energy interplay in the case of QDs growing on top of nanopillars.
In the present study we analyze the morphology of InAs islands grown on GaAs(111) nanopillars patterned into the substrate experimentally and theoretically. InAs QDs are attractive for achieving infrared emission for optoelectronic and telecommunication applications, e.g. QD lasers, 12 QD infrared photodetectors, 13 single photon sources 14 and solar cells. 15 Moreover, the growth on the nanopillars enables the fabrication of InAs QDs on (111)-oriented GaAs substrate, which is not attainable on planar GaAs(001). In addition to paying attention to the island aspect ratio, we also elucidate the dependence of the system energy on the radial island position on the nanopillar top face. Atomistic calculations based on empirical potentials are employed, which allow for a sufficiently accurate description of total energy, strain distribution and surface energy.
EXPERIMENTAL METHODS
GaAs(111)A wafers were nanopillar-patterned using nanosphere lithography and reactive ion etching. First monolayers and double layers of polystyrene spheres with a diameter of 220 nm 4 were deposited by means of the doctor-blade technique on the hydrophilized substrate surface.
By deposition of Ni and removal of polystyrene spheres, Ni hard masks were fabricated from which nanopillars were formed by anisotropic SiCl4 reactive ion etching. The pillar height amounted to 80-90 nm, the diameter 20-45 nm. Residual Ni and surface oxides were dissolved wet-chemically in diluted H2SO4 and HF solution, respectively. Details on the patterning process can be found in a recent paper. 16 Heteroepitaxial growth of InAs on the nanopillar-patterned GaAs surface was performed by solid source molecular beam epitaxy after atomic H cleaning of the patterned substrate. In order to obtain InAs growth on the nanopillars, a low growth temperature of 150°C at a rate of 0.011 nm/s under As-rich conditions (V/III ratio ~400) was chosen. 16 The nominally deposited
InAs thickness was 15 nm.
Morphological and structural characterization of the heteroepitaxially overgrown substrates was performed by high-resolution scanning electron microscopy (SEM) and transmission electron microscopy (TEM) imaging. As instruments a Raith Pioneer field-emission SEM operated at 15 kV and a JEOL JEM-ARM200F TEM operated at 200 kV were used. TEM cross-sectional specimens were prepared by mechanical grinding followed by dimpling and ion polishing using a Gatan PIPS Model 691. Consequently, no misfit dislocation was introduced, since plastic relaxation occurs for larger in order to study the two limiting cases with either the triangle edge or the triangle tip approaching the edge of the GaAs pillar top face. At first, atom coordinates were generated by self-written script programs in the DigitalMicrograph software. 18 Then, the structures were iteratively relaxed by minimizing their total energy with the conjugate gradient method in the LAMMPS software. 19 In the Tersoff potential approach, the total energy is computed as the sum The pillar pattern has been fabricated using nanosphere lithography, which results in the honeycomb arrangement of pillars. In (b) and (c) the structure is embedded in the epoxy used for TEM preparation.
characteristic in-plane dimensions typically smaller than the pillar diameter. This is a clear qualitative confirmation of the predictions of a previous theoretical study which found that islanding is energetically favored over disk-like growth for not too small nanopillar diameters and misfit. 6 As visible in the topview SEM image (Figure 2a) (Figure 2a,b) , while others occur at the edge of the nanopillar top face (Figure 2a,c) .
In order to understand the observed morphology, i.e. the aspect ratio (height/diameter) and the position of the InAs islands on the GaAs nanopillar, the calculated strain magnitude and its distribution as well as the surface and the total energy are considered. We first examine the aspect ratio of an InAs island centered to the nanopillar axis. For a constant number of InAs atoms deposited on the nanopillars, the aspect ratio can be represented by the island incircle radius ( Figure 1 ). Figure 3 depicts the total energy of the system together with the evaluated strain ε in direction and the number of broken bonds of surface atoms as a function of island incircle radius for a GaAs nanopillar diameter of 25 nm. In order to accommodate all atoms in an island, the InAs (111)A top surface is either atomically flat or it contains a surface step. The energy is represented as the deviation Ej from that of a reference state j, characterized by a flat, step-free InAs (111)A top surface. Since a flat top surface occurs for specific numbers of InAs atoms and incircle radius, two such reference states j = 1, 2 differing only slightly in the number of atoms (by ~3%) are considered exemplarily, in order to reveal the effect of a (111) island surface step on the energetics. In the case of j = 1, the island has an incircle radius of ~4.8 nm and a height of 8 monolayers (Figure 3a , red-brown arrow), and for j = 2 the radius amounts to ~6.2 nm and the height 5 monolayers (Figure 3a , black arrow). For the island series pertaining to the first reference state (red-brown diamond dataset in Figure 3a) an energy minimum appears at an island incircle radius of ~4.8 nm (~24% coverage of pillar top face), which results from the combined effects of moderate strain as well as a limited number of broken bonds of atoms on the InAs surfaces and the GaAs top surface (Figure 3a,b) . Certainly, the flat, step-free InAs surface is accompanied by a lower number of broken bonds than a stepped surface leading to an additional reduction of the total energy. In the case of reference state 2, the energy minimum occurs at an island incircle radius of ~6.2 nm (~41% coverage of pillar top face), the maximum for which the island corners are still inside or at the GaAs pillar circumference, corresponding to an aspect ratio of ~0.13 (black squares data set in Figure 3a) . Overall, E is low in both datasets for larger island radii corresponding to a pillar top face coverage between 24%
and 41%, in qualitative agreement with the experiment. However, the datasets belonging to the two reference states are similar in that the islands with the reference dimensions have particularly low energies and are different in that the number of atoms in InAs is not the same, leading to different lengths of the surface step and related step energies, and thus to different E for j = 1 as compared to j = 2. Due to the relatively small variations of E for larger island radii, the energy of surface steps has a significant impact on the minimum energy island aspect ratio. Figure 3c plots the strain distribution in case of the largest and smallest aspect ratios marked as A and B, respectively, in Figure 3a ,b. It can be seen that the increased contact area between GaAs and InAs for larger island diameter entails larger strained volumes in GaAs and InAs, and a larger strain magnitude in the regions close to the heterointerface.
As described by continuum elasticity in ref. 6, the energy minimum for an island not completely covering the pillar top surface arises because for smaller or larger island in-plane areas, either the surface energy or the strain energy strongly increase, increasing the total energy in both cases. is not visible in Figure 4d (B) because the concerned corners are outside the section plane of the strain map. With the island at position A the GaAs lattice is more heavily strained than for positions C and B, since for A the center of the island sits off-axis but still at a distance to the pillar edge. For a centered island GaAs is less deformed because of the relatively large distances to the surfaces, and for an island with the center close to the pillar edge (position B), the elastic relaxation at the GaAs surface leads to a more rapid strain decay with increasing distance from the heterointerface. In total, GaAs and InAs are less strained for the island at position B, giving rise to a more pronounced minimum at position B.
In agreement with the calculations, the island edge-at-pillar-edge configuration ( Figure 4 , position B) frequently occurs in the experiment (Figure 2a ). The appearance of islands at other positions can be attributed to the relatively small energy differences between different arrangements ( Figure 3c ) and the possible presence of small surface irregularities of the GaAs nanopillars, such as kinks or nanoscale pits, which lower the energy for island formation at these sites.
CONCLUSIONS
In summary, we find that InAs molecular beam heteroepitaxy at low temperatures on nanopillar- 
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